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Abstract. Sterile neutrinos could provide a link between the Standard Model par-
ticles and a dark sector, besides generating active neutrino masses via the seesaw
mechanism type I. We show that, if dark matter annihilation into sterile neutrinos
determines its observed relic abundance, it is possible to explain the Galactic Cen-
ter γ-ray excess reported by the Fermi-LAT Collaboration as due to an astrophysical
component plus dark matter annihilations. We observe that sterile neutrino portal
to dark matter provides an impressively good fit, with a p-value of 0.78 in the best
fit point, to the Galactic Center γ-ray flux, for DM masses in the range (40-80) GeV
and sterile neutrino masses 20 GeV . MN < MDM . Such values are compatible with
the limits from Fermi-LAT observations of the dwarfs spheroidal galaxies in the Milky
Way halo, which rule out dark matter masses below ∼ 50 GeV (90 GeV), for sterile
neutrino masses MN .MDM (MN MDM). We also estimate the impact of AMS-02
anti-proton data on this scenario.
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1 Introduction
Dark matter (DM) and neutrino masses constitute indubitable observational evidence
for physics beyond the Standard Model (SM) of fundamental interactions. Thus, the
existence of a connection between the new degrees of freedom needed to account for
both observations is an exciting possibility to explore. In particular, if DM is a thermal
relic of the early Universe and the seesaw mechanism is realized to generate neutrino
masses, new massive particles are required to solve both problems. The most eco-
nomical scenario, namely that the sterile neutrinos constitute the DM [1], has been
thoroughly studied [2]. Hence we consider in this work a different case: The ster-
ile neutrino portal to DM. In this scenario DM is an SM singlet state that interacts
mainly with sterile neutrinos, being such interactions of the right strength to produce
the observed DM relic abundance [3–5].
DM interactions with SM particles are very weak to avoid collider and direct
detection constraints, although they must reproduce the correct abundance of DM
thermally through its annihilation into sterile neutrinos which eventually decay into
SM particles. This decay is due to Yukawa couplings of sterile neutrino and leptons
which also generate a Majorana mass for the light neutrinos via the type I seesaw
mechanism. In general, if DM s-wave interactions dominate the annihilation process,
we expect to have indirect detection signals, searches for these signals lead to the most
stringent bounds on this scenario [5].
A comprehensive analysis of indirect detection hunts within the sterile neutrino
portal to DM has been presented in [6], including constraints from Planck CMB mea-
surements, γ-ray flux collected by the Fermi Large Area Telescope (LAT), and AMS-02
antiproton observations. Indirect signals from solar DM annihilation to long-lived ster-
ile neutrinos have been analyzed in [7]. The primary target for neutral DM annihilation
products is the Galactic Center, as we expect there the largest DM concentration in the
nearby cosmos. Interestingly, an unexpected signal detected in the gamma-ray data
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collected by the Fermi LAT from the inner Galaxy, the so-called Galactic Center Ex-
cess (GCE). It has created a great excitement because its spectral energy distribution
and morphology are consistent with predictions from DM annihilation[8–17]. All those
works devoted to analyzing the GCE confirm that its properties strongly depends on
the analysis method used to subtract it from the Fermi-LAT data. The variation in the
GCE properties with the analysis causes modifications in the models able to explain it.
The work in [18] shows that it is possible to account for the GCE obtained in [15] by
DM annihilation into sterile neutrinos. In [6] the compatibility of the GCE DM inter-
pretation with the other indirect searches is discussed. The dwarf spheroidal galaxies
(dSphs) are pristine targets for DM signals because they lack detectable gamma-ray
sources. The authors of [19] use the Fermi-LAT gamma-ray data from dSphs to set
limits on DM annihilations into sterile neutrinos.
In this paper we consider a new Fermi-LAT analysis of Pass 8 data on Galactic
Center γ-rays presented in [20], and we explore the ability of the DM sterile neutrino
portal to account for the GCE, which is peaked at ∼ 3 GeV, that is, slightly higher
energies than reported in previous analysis. We also derive the limits from dSphs.
Although we use a particular realization of the sterile neutrino portal DM, the results
of our analysis can be applied to other models, provided the sterile neutrino decays
only to SM particles.
The paper is organized as follows. In Sec. 2 we briefly review the sterile neu-
trino portal scenario, and derive the SM particle spectra from sterile neutrino decays,
relevant for the indirect detection constraints on such portal. In Sec. 3 we describe
the model independent fit to the GCE, while in Sec. 4 we present the limits from
Fermi-LAT dSphs and AMS-02 anti-proton data. We conclude in Sec. 5.
2 Sterile neutrino portal to Dark Matter
Our analysis can be applied to any type of sterile neutrino portal scenario up to the
following requirement: The observed DM relic abundance is determined by its inter-
actions with sterile neutrinos, which in turn generate light neutrino masses via the
type I seesaw mechanism. For definiteness in this section we consider a very simple
realization studied in [5]. Besides the sterile neutrinos, the SM is extended by a dark
sector that contains a scalar field φ and a fermion Ψ. These fields are both singlets
of the SM gauge group but charged under a dark sector symmetry group, Gdark, such
that the combination Ψφ is a singlet of this hidden symmetry.
The lighter of the two dark particles (φ and Ψ) turns out to be stable if all
SM particles, as well as the sterile neutrinos, are singlets of Gdark, disregarding the
nature of the dark group. The stable particle is a good DM candidate. We assume for
simplicity that the dark symmetry Gdark is a global symmetry at low energies, although
our analysis is equally valid whether it is local.
The relevant terms of the Lagrangian are:
L = µ2HH†H − λH(H†H)2 − µ2φφ†φ− λφ(φ†φ)2 − λHφ(H†H) (φ†φ)
− (φΨ(λa + λpγ5)N + Y LLHNR + h.c.) (2.1)
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where we have omitted flavour indexes. The Yukawa couplings Y between the right-
handed fermions NR and the SM leptons lead to masses for the active neutrinos after
electroweak symmetry breaking, via type I seesaw mechanism. Although at least two
sterile neutrinos are required to generate the neutrino masses observed in oscillations,
in our analysis we consider that only one species is lighter than the DM and therefore
relevant for the determination of its relic abundance and indirect searches. The results
can be easily extended to the case of two or more sterile neutrinos lighter than the
DM.
Assuming that the dark fermion Ψ is Majorana and constitutes the DM, its an-
nihilation cross section into sterile neutrinos is given by 1
σv =
(α + β rNΨ)
2
4piM2Ψ
√
1− r2NΨ
(1 + r2φ − r2NΨ)2
+O(v2) (2.2)
where α = λ2s − λ2p and β = λ2s + λ2p, rφ = Mφ/MΨ, and rNΨ = MN/MΨ and v is the
relative velocity of the DM particles. In the following, we restrict ourselves to a scalar
interaction between the dark fermion and the N ′s, but from eq. (2.2) it is clear that
a pseudoscalar coupling λpγ5 leads to the same results. Only a chiral interaction gives
rise to reduced indirect detection signals, since for MN  MΨ the annihilation cross
section is effectively p-wave, and therefore velocity suppressed.
In the scenario presented above it is always possible to obtain the observed DM
relic abundance when MN < MΨ in the range MΨ ∈ [1 GeV, 2 TeV] with perturbative
couplings λs ≡ λ ∼ 0.01 - 1 and mediator masses Mφ ∈ [1 GeV, 10 TeV] [5]. It is
worth noticing that for sufficiently small Yukawa couplings of the sterile neutrinos,
it could happen that the DM Ψ and N bath decouple from the SM after the decay
of the dark scalar, T . Mφ, and remain in thermal equilibrium but with a different
temperature. In this case, the DM freeze-out leads to a larger relic abundance, so that
a larger annihilation cross section (and thus a larger coupling between DM and sterile
neutrinos) is needed to reproduce the observed value [21, 22]. In Sec. 4 we will see that
the Fermi-LAT data from dSphs can set stringent constraints on these scenarios.
If the scalar φ were the DM instead, the corresponding annihilation cross section
is very similar to eq.(2.2), including the fact that it becomes velocity suppressed for
MN  Mφ if the DM couplings are chiral. In [5] it has been shown that for scalar
DM it is also possible to get the correct relic abundance in a comparable region of the
parameter space, therefore our analysis applies to such scenario as well.
The indirect detection signatures depend on the thermally averaged total anni-
hilation cross section, 〈σv〉 (for a detailed calculation of the thermal average see for
instance ref.[23]), and on the energy spectrum of the final SM particles, which is deter-
mined by MΨ and MN . Moreover, given a pair of values (MΨ,MN), it is always possible
to obtain a certain value of the cross section by appropriately choosing the other two
free variables, λ,Mφ, with the only limitation of the coupling λ to remain perturbative.
Therefore, in the next sections we will consider as free parameters (〈σv〉,MΨ,MN); in
this way, our analysis is valid for any other neutrino portal scenario able to reproduce
1Were Ψ a Dirac fermion, the exchange α↔ β should be performed in eq.(2.2).
– 3 –
the same annihilation cross section, provided the sterile neutrinos decay only to SM
particles.
Light neutrino masses are generated via TeV scale type I seesaw mechanism. We
denote να the active neutrinos and Ns the sterile ones. After electroweak symmetry
breaking, the neutrino mass matrix in the basis (να, Ns) is given by
Mν =
(
0 MD
MTD MN
)
(2.3)
where MD = Y vH/
√
2 and Yαs are the Yukawa couplings. The matrix Mν can be
diagonalized by a unitary matrix U , so that
Mν = U∗Diag(Mν ,M)U † (2.4)
where Mν is the diagonal matrix with the three lightest eigenvalues of Mν , of order
M2D/MN , and M contains the heavier ones, of order MN .
The mass eigenstates n = (νi, Nh) are related to the active and sterile neutrinos,
(να, Ns), by (
να
Ns
)
L
= U∗
(
νi
Nh
)
L
. (2.5)
The unitary matrix U can be written as
U =
(
Uαi Uαh
Usi Ush
)
(2.6)
where, at leading order in the seesaw expansion parameter, O(MD/MN):
Uαi = [UPMNS]αi Ush = I
Uαh = [MDM
−1
N ]
∗
αh (2.7)
Usi = −[M−1N MTD UPMNS]si .
Notice that at this order the states Nh and Ns coincide, therefore we identify them in
the rest of this paper.
Sterile neutrinos are produced in DM annihilations and then decay into SM par-
ticles. The decay channels depend on the sterile neutrino mass. Namely if the right-
handed neutrino is lighter than the W boson, N will decay through off-shell h, Z,W
bosons to three fermions. Since the decay via a virtual h is further suppressed by
the small Yukawa couplings of the SM fermions, it is a very good approximation to
consider only the processes mediated by virtual W,Z, whose partial widths read [24]:
Γ(N → νqq¯) = 3ACNN [2(a2u + b2u) + 3(a2d + b2d)]f(z) (2.8)
Γ(N → 3ν) = ACNN [3
4
f(z) +
1
4
g(z, z)] (2.9)
Γ(N → `qq¯) = 6ACNNf(w, 0) (2.10)
Γ(N → ν`¯`) = ACNN [3(a2e + b2e)f(z) + 3f(w)− 2aeg(z, w)] (2.11)
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where
A ≡ G
2
FM
5
N
192pi3
, Cij =
3∑
α=1
UαiU
∗
αj (2.12)
af , bf are the left and right neutral current couplings of the fermions (f = q, `), the
variables z, w are given by
z = (MN/MZ)
2 , w = (MN/MW )
2 (2.13)
and the functions f(z), f(w, 0) and g(z, w) can be found in [25].
On the other hand, if MN > MW two body decays to SM particles are open, and
the corresponding widths are [26]:
Γ(N → W±`∓α ) =
g2
64pi
|UαN |2M
3
N
M2W
(
1− M
2
W
M2N
)2(
1 +
2M2W
M2N
)
(2.14)
Γ(N → Z να) = g
2
64pic2W
|CαN |2M
3
N
M2Z
(
1− M
2
Z
M2N
)2(
1 +
2M2Z
M2N
)
(2.15)
Γ(N → h να) = g
2
64pi
|CαN |2 M
3
N
M2W
(
1− M
2
h
M2N
)2
. (2.16)
To obtain the final state’s SM particle spectrum from DM annihilation into sterile
neutrinos, dN/dE, we have used SPheno v.3.3.8 [27] to determine the decay rates of
all the particles, implementing first the model, at the Lagrangian level, using SARAH
v.4.9.1 [28, 29]. Then, we simulate the DM to sterile neutrino annihilation with Mad-
Graph5 v.2.5 [30], and we use Pythia v.8.2 [31] to compute the sterile neutrino decays
and its parton shower. Our analysis differs from ref.[6] in that they simulate the decay
of sterile neutrino to SM particles in the N -rest frame using SM HeavyN NLO model
files [32, 33] and boost the final spectrum to the DM rest frame. We have checked that
both methods predict similar photon and anti-particle spectra.
In Fig.1 it is depicted the photon spectrum that we obtain for different DM and
N masses: in the upper plots we show the dependence on the sterile neutrino mass for
two fixed values of the DM mass, namely MDM = 50 GeV, which as we will see in the
next section can fit the GCE, and MDM = 500 GeV, which do not. We observe that
for a given DM mass, the photon spectrum is harder for lighter sterile neutrino.
The reason for this behavior, also observable in the anti-particle spectra, is the
boost between the sterile neutrino and DM rest frames, which becomes larger for
MN  MDM . For instance, an isotropic spectrum with fixed energy E in the sterile
neutrino rest frame becomes a box shaped spectrum when boosted to the DM rest
frame, of the form [34]
dN
dE ′
=
1
2γβ
√
E2 −m2 θ(E
′ − E−)θ(E+ − E ′) (2.17)
where E± = γ(E±β
√
E2 −m2), θ is the Heaviside step function, γ and β are the boost
parameters, with γ = mDM/mN , and m = 0 for the case of photons As a consequence,
the more boosted the sterile neutrino, the harder the final spectrum.
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Figure 1. Photon spectrum different DM and sterile neutrino masses. In the upper figures
we fix the DM mass and in the lower figures the sterile neutrino one. Low DM masses (. 80
GeV) can fit the Galactic center excess.
In the lower plots the sterile neutrino mass is fixed, and in this case the spectrum
is harder for heavier DM mass, as we expected.
In our calculation we have taken only the Yukawa coupling of the sterile neutrino
to the first generation of SM leptons non-zero. We have checked that the photon
spectrum has little sensitivity to this choice of flavour, in agreement with ref. [19]; thus
the photon spectrum from DM annihilation do not provide insight into disentangling
the structure of the sterile neutrino Yukawa couplings.
We have calculated the positron and anti-proton spectra from DM annihilation
into sterile neutrinos and its subsequent cascade decay, shown in Fig. 2. While we find
that also the anti-proton spectrum is largely insensitive to the flavour structure of the
Yukawa couplings, the peak in the electron spectrum at high energies is only present
if the sterile neutrino couples to the (e, νe) doublet, due to a strong component of the
reaction N → We which occurs only in this case.
In this work we focus on the γ-ray probe for several reasons. First of all, we have
found that the positron flux generated in the DM sterile neutrino portal can not account
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Figure 2. Positron and antiproton spectrum for different DM and sterile neutrino masses
compared with a simple case of a DM candidate that annihilates directly to bb¯ and W+W−.
for the positron flux observed, for instance, by PAMELA [35] and AMS-02 [36, 37]. We
have used the approximation described in [38] to propagate the positrons and electrons,
and obtain the corresponding flux at Earth position. Although the approximation is
not very accurate, it is good enough to show that this scenario predicts a positron flux
about two orders of magnitude smaller than the measured one, for any value of the
DM and N masses; therefore it can not explain the positron excess.
On the other hand, regarding anti-protons, recent analyses of AMS-02 [39] data
seem to find an excess over the expected background; however a careful study would
require a complete fit of both the cosmic ray propagation and DM parameters, which
is beyond the scope of this work. Nevertheless, as an illustration we plot in Fig. 2
the anti-proton spectra for several values of the DM and N masses, together with the
spectra corresponding to DM annihilation into WW and bb¯ for comparison. In Sec.4
we will also estimate which part of the parameter space could be excluded by AMS-02
anti-proton data.
Finally, light neutrinos are also produced in DM annihilation, and IceCUBE can
set constraints on the cross section to neutrinos, but current limits are about three
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orders of magnitude above the flux predicted within the sterile neutrino portal scenario
[4].
Note that one can also constrain the sterile neutrino portal using the CMB
anisotropy measurements, which are sensitive to DM annihilation during the cosmic
dark ages. Specially if the annihilation products contain energetic electrons and pho-
tons, when these particles are injected into the plasma will modify the ionization his-
tory, leading to observable changes in the temperature and polarization anisotropies.
These constraints have been estimated in [5], and explicitly calculated in [6], and they
exclude DM masses below ∼ 20 GeV, irrespective of the value of MN . Therefore, such
CMB bounds are weaker than the ones from Fermi-LAT dSphs that we discuss in Sec.
4.
3 Analysis of the Galactic Center gamma-ray Excess within
the sterile neutrino portal
The Fermi-LAT has boosted significant advances in our knowledge of the gamma-ray
sky over the last few years. Regarding DM properties, if it is a weakly interacting
particle (WIMP) we expect that its annihilation in dense regions of the Universe, such
as the our Galactic Center or the DM rich dSphs, will produce a significant flux of SM
particles. High energy gamma rays are particularly interesting, since the signal can be
traced back to the source, providing information about the location of the DM reaction.
Several studies of the Fermi-LAT data show that the Galactic center is brighter than
predicted by conventional models of interstellar diffuse γ-ray emission [8–17, 40, 41],
tuned with Galactic plane data and point source catalogs. In a recent analysis by
the Fermi-LAT collaboration [20], it has been found that the GCE is a sub-dominant
component (10%) of the observed flux, with a spectral energy distribution peaked at
about 3 GeV, slightly shifted towards higher energies than in previous studies. We
consider the GCE obtained in the so-called Sample Model of ref. [20], and perform the
fits using the covariance matrices derived in [42].
Notice however that the origin of the GCE is still unclear: in addition to the DM
explanation, it could be due to the emission of a population of unresolved point sources
[43–47], or cosmic-ray particles injected in the Galactic center region, interacting with
the gas or radiation fields [48]. In fact, the excess could have different origins below
and above ∼ 10 GeV [20, 49]: the high energy tail may be due to the extension of the
Fermi bubbles observed at higher latitudes, while the lower energy (< 10 GeV) excess
might be produced by DM annihilation, unresolved millisecond pulsars, or both. In
conclusion, the interpretation of the GCE as a signal of DM annihilation is not robust,
but it can not be ruled out either [20, 47].
In general, the interpretation of the low energy GCE as originated by DM annihi-
lation is not easy to reconcile with DM direct detection constraints, since in particular
models the region able to reproduce the excess is already excluded by current exper-
iments: for instance in the context of the minimal supersymmetric standard model,
DM can only account for a ∼ 40 % of the low energy (E < 10 GeV) GCE [42]. In our
sterile neutrino portal scenario direct detection limits can be easily avoided, provided
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the mixing angle between the SM Higgs and the dark scalar is small enough; since
the relic abundance is determined by the DM annihilation into sterile neutrinos, it
is possible to obtain the correct one independently of such mixing. In fact, for this
reason DM indirect searches are the most promising way to constrain this scenario.
See also [50], where an extended scalar-singlet Higgs portal model is shown to provide
an excellent fit to the GC excess, evading strong direct detection constraints by adding
a second (heavier) singlet scalar in the dark sector.
In our analysis we assume that there are two distinct sources for the GCE: one
astrophysical, responsible for the high energy tail of the γ-ray spectrum, and DM
annihilation, that we considerer the only source of the low energy GCE,
Φ = Φastro + ΦDM . (3.1)
For the astrophysical component, according to the morphological studies of [20] it
seems reasonable to consider a continuation to lower Galactic latitudes of the Fermi
bubbles. Given that above 10o in Galactic latitude the spectral shape of the Fermi
bubbles is described by a power low times an exponential cut off [51], we assume the
same form for the astrophysical contribution to the GCE,
Φastro = NE
−αe−E/Ecut (3.2)
We leave N,α,Ecut as free parameters in the fit, in order to compare with the values
α = 1.9±0.2 and cutoff energy Ecut = 110±50 GeV from the Fermi bubbles, according
to the results of ref. [51].
For the DM component, the differential flux of photons from a window with size
∆Ω, is given by [52]
dΦγ
dEγ
(Eγ) =
J
8piM2DM
∑
f
〈σv〉f
dN fγ
dEγ
(Eγ) , (3.3)
where the J-factor is an astrophysical factor that only depends of the angle of the
window size and the DM density profile:
J =
∫
∆Ω
dΩ
∫
ρ2DM(s)ds (3.4)
The J-factor is an integral of the DM profile over the line of sight. It is very common
to adopt the Navarro, Frenk and White (NFW) profile [53]. In our case this is the
best option because we want to compare our results with the Fermi-LAT data of the
GCE and the dSphs, and this is the profile used by the Fermi-LAT Collaboration. The
functional form of the NFW profile is:
ρΨ(r) = ρs
(
r
rs
)−γ (
1 +
r
rs
)−3+γ
, (3.5)
where rs = 20 kpc is the scale radius and ρs is the scale density, which is fixed using
data at the location of the Sun: at r = 8.5 Kpc, the DM density is ρ = 0.3
GeV/cm3. We take the central value of γ as determined in [20], γ = 1.25± 0.8.
– 9 –
10 1 100 101 102 103
E [GeV]
10 9
10 8
10 7
E2
d
/d
E
 [G
eV
/c
m
2 s
] M = 50 GeV MN = 10 GeV
MN = 20 GeV
MN = 45 GeV
10 1 100 101 102 103
E [GeV]
10 9
10 8
10 7
E2
d
/d
E
 [G
eV
/c
m
2 s
] M = 500 GeV MN = 10 GeV
MN = 20 GeV
MN = 45 GeV
MN = 400 GeV
10 1 100 101 102 103
E [GeV]
10 9
10 8
10 7
E2
d
/d
E
 [G
eV
/c
m
2 s
] MN = 20 GeV M = 50 GeV
M = 80 GeV
M = 200 GeV
M = 400 GeV
10 1 100 101 102 103
E [GeV]
10 9
10 8
10 7
E2
d
/d
E
 [G
eV
/c
m
2 s
] MN = 75 GeV M = 80 GeVM = 200 GeV
M = 400 GeV
Figure 3. Photon flux for the same points of the parameter space that we chose in figure 1.
In Fig.3 we can see different examples of the photon flux, for the same DM and
N masses as in Fig.1 and thermal annihilation cross section, 〈σv〉 = 2.2×10−26 cm3/s.
We perform a seven parameters fit: N,α,Ecut for the astrophysical flux and J ,
〈σv〉, MΨ, MN for the DM contribution. The quality of the fit is evaluated by con-
structing the χ2 estimator:
χ2 =
∑
i,j
(Φobsi − Φmi )Σ−1i,j (Φobsj − Φmj ) , (3.6)
where i is the energy bin label, Φmi is the predicted flux for a model, determined by the
six free parameters, Φobsi is the flux in the Sample model (light blue points of Fig.5)
and Σ−1i,j is the inverse of the covariance matrix, calculated in [42]. Thus the derived
information on the GCE spectrum in [20] is contained in Φobsi ,Σ
−1
i,j .
Notice that since the functions used to fit the GCE are not linear, one can not
use the reduced χ2 to calculate p-values. Instead we perform the following procedure
[42]:
1. For each point of the DM model, (〈σv〉,MΨ,MN), we vary the astrophysical
– 10 –
parameters N,α,Ecut, as well as the J-factor to account for its uncertainties
2,so as to
find the best fit to the data, Φmbest.
2. We create a set of 100.000 pseudo-random data normal distributed with mean
at Φmbest, according to Σ
−1
i,j .
3. We compute χ2 between Φmbest and each of the 100.000 pseudo-random data
created in 2.
4. We create a χ2 distribution using the values from 3.
5. The integrated χ2 distribution up to the best-fit-χ2 to the actual data gives
the p-value of the model.
101 102
M  [GeV]
101
102
M
N
 [G
eV
]
v = 2.2 10 26 cm3/s
0.10
0.30
0.50
0.65
0.80
p-
va
lu
e
Figure 4. The color shows the parameter space region in which the model predicts a γ-ray
flux compatible with the Galactic Center excess for a fixed 〈σv〉 = 2.2× 10−26cm3/s. For the
fit we use the combined DM and astrophysical components, eq. (3.1).
Due to the uncertainties on the J-factors, there is a degeneracy between J and
〈σv〉, so that a very good fit can be obtained for 〈σv〉 in the range 0.2 . 〈σv〉/〈σv〉thermal .
1.5. As a result, in the best fit point the value of 〈σv〉 is not unambiguously deter-
mined, and we have chosen to present the results for the thermal one, 〈σv〉thermal =
2.2×10−26cm3/s because this is the thermal cross section consistent with the observed
DM density.
2We consider one order of magnitude variation in the J-factors.
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Fig. 4 shows the different p-values in the (MΨ,MN) plane. Notice that it is only
possible to fit the GC excess in the low mass region for the DM particle and the sterile
neutrinos, more precisely within the range of mass 30-100 GeV for both particles. From
the photon fluxes depicted in Fig. 3 we can see that increasing the sterile neutrino mass
leads to less energetic γ-rays, while increasing the DM mass produces the contrary
effect, the γ-rays are more energetic. On the other hand, the flux decreases for heavier
DM, since there are fewer particles contributing. These features explain the shape of
the fitting regions depicted in Fig. 4.
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Figure 5. Fit to the GCE spectrum (blue dots) by the combination of a power-law with an
exponential cutoff, describing the astrophysical sources (orange line), plus the contribution
of DM annihilation, as given by dark matter annihilation into sterile neutrinos (red line).
The purple line gives the final prediction of the model. The dark green band represents the
diagonal of the covariance matrix due to excesses along the Galactic Plane, obtained using the
same procedure as for the GCE [42]. The light green band is the diagonal of the covariance
matrix from variations in the GCE due to uncertainties in modelling diffuse emission from
ref. [41]
.
As already mentioned, the fit in Fig. 4 used the new GCE data reported by
the Fermi-LAT Collaboration [41]. The reference [6] provides an excellent analysis of a
previous estimation of the GCE in [15]. We find a larger parameter space allowed to fit
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the GCE data than in [6] mainly because of the broader systematic uncertainties in the
GCE estimation that we used and our inclusion of an extra astrophysical component
to model the GCE.
Fig. 5 shows the photon flux for our best fit point of the parameter space.
Combining the astrophysical and the DM component, as given in eq. (3.1), we ob-
tain that the best fit point is (MΨ,MN) = (55.1, 51.4) GeV for the DM compo-
nent. For this point the best values of the astrophysical parameters are (N,α,Ecut) =
(3.81× 10−8 GeVα, 1.7, 187.8 GeV). We obtain a very good fit, χ2 = 24.9 for 27 energy
bins, which corresponds to a p-value = 0.78.
4 Constraints from indirect detection: gamma rays from dSphs
and anti-proton data
In the previous section, we have analyzed the photon flux from DM annihilation into
sterile neutrinos, and its impact in the GCE. In this section, we will constrain the
parameter space with the non-detection of dSphs by the Fermi LAT. Given the large
diversity of photon spectra in the DM sterile neutrino portal to DM scenario, see fig.
1, we can not use the limits presented in the Fermi-LAT Collaboration publications,
as they are for some particular annihilation channels [54]. Therefore, we use gamLike
v.1.0 [55], a software that evaluates the likelihoods for γ-ray searches using the com-
bined analysis of 15 dSphs from 6 years of Fermi-LAT data, processed with the Pass-8
event-level analysis. gamLike calculates the Poisson likelihood following the method
described in [56]. First of all we define the J-factor likelihood:
LJ(Ji|Jobs,i,, σi) = e
−(log10(Ji)−log10(Jobs,i))2/2σ2i
ln(10)Jobs,i
√
2piσi
(4.1)
where Jobs,i is the measured J-factor with error σi in each dSphs i and Ji is the true
J-factor value. We then define the combined likelihood of all dSphs in the form:
Li(µ, θi|Di) =
∏
j
Li(µ, θi|Di,j) (4.2)
where µ are the parameters of the DM model, θi accounts for the set of nuisance
parameters from the LAT study and J-factors of the dSphs, and Di is the γ-ray data
set.
Using these ingredients we perform a test statistic (TS) to obtain 90% C.L. upper
limits on the DM annihilation cross section. Such bounds are derived by finding a
change in the log-likelihood:
TS = −2 ln L(µ0, θˆ|D)L(µˆ, θˆ|D) (4.3)
where µ0 are the parameters of the no DM case (when we do not have γ-rays in our
model) while µˆ and θˆ are the parameters for the point we want to analyze.
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Figure 6. dSphs exclusion limit defined using the compatibility with the background. In
this plot the color code shows the constrain for different values of 〈σv〉.
If TS > 2.71 the parameter space point is excluded because it is not compatible
with the background at 90% C.L. Using this method we can find the exclusion line in
the plane MΨ −MN .
We can see in Fig. 6 the contour limits, corresponding to different 〈σv〉 values.
The region to the left of the corresponding curve is excluded at 90% C.L. We show as a
red-dashed line the limit for a thermal annihilation cross-section, which in principle is
the one needed to obtain the observed DM relic abundance within the sterile neutrino
portal scenario under study. We find that DM masses MΨ < 60 GeV are excluded, in
agreement with [6], a somehow weaker limit than the one obtained in [19].
Note however than in some cases the dark sector (including the sterile neutrino)
could be at a different temperature than the SM, so that a larger freeze-out annihilation
cross section is required to fit the observed DM abundance [21, 22]. Therefore a larger
region of the parameter space (MΨ,MN) is excluded in such cases.
Focusing on the standard thermal annihilation cross-section, we next analyze the
impact of the dSphs constraints on our fit of the GCE. In Fig. 8 we plot both results,
and we can see that the dSphs limit disfavours the low DM mass region of our fit of
the GCE, although a sizable range of (MΨ,MN) able to fit the GCE, remains allowed.
We expect that the sensitivity of the Fermi-LAT telescope will improve signif-
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icantly in the next years by, among other reasons, the potential discoveries of new
ultra-faint dwarf galaxies [57]. Using a similar analysis to [58], we estimate that in 15
years of data taking Fermi-LAT will have 3 times more dSphs discovered (45 dSphs)
and considering that the point spread function (PSF) sensitivity for the Fermi-LAT
instrument increases approximately as the square-root of the observation time (this
is a conservative estimate), the Fermi-LAT constraints will improve by a factor of
(
√
15/
√
6)× 3 ' 5. In Fig. 8 we show the impact of this prospect (dashed blue line):
the region to the left of this line will be potentially excluded in the next years by
Fermi-LAT, including the GCE fit area (if we assume that all low energy GCE is due
to DM annihilation).
Finally, we roughly estimate the effect of anti-proton data from AMS-02 on the
sterile neutrino portal allowed parameter space. The derivation of these bounds suffer
from large uncertainties, one of them being that the propagation parameters in the
traditional MIN-MED-MAX schemes are determined by old Cosmic Ray data, and
they are not necessarily guaranteed to describe the current status; indeed for instance
the MIN propagation scheme is seriously disfavored [59] by the preliminary anti-proton
to proton ratio reported by AMS-02. However, the MED scheme seems to provide a
reasonable fit to the data, at least in the low energy region, so we have considered it
to assess the region that could be excluded by AMS-02 data. Therefore our results
should be taken as an indication of the parameter space that would be excluded by a
complete fit of the cosmic ray propagation and DM parameters. We do not attempt
here to explain the excess at high anti-proton energies.
We estimate the total flux of anti-protons within our model as the sum of the best
fit of the background in the MED scheme [59], Φp¯,bkg(K), plus the DM contribution,
i.e., Φp¯(Ki,MΨ,MN) = Φp¯,bkg(Ki) + Φp¯,Ψ(Ki,MΨ,MN). Then, we calculate the ratio
between this flux and the proton flux data Φp(Ki) from AMS-02 [60], in order to
compare it with the last experimental data on the anti-proton-to-proton flux ratio
R(Ki)± σi, also obtained by the AMS-02 experiment [39].
In Fig. 7 we show the anti-proton-to-proton flux ratio from the background (gray
line) and for different (MΨ,MN) points as calculated in the MED propagation scheme,
together with the recent AMS-02 data. Notice that since the data is in agreement
or below the astrophysical background model at low values of the anti-proton kinetic
energy K, points of the parameter space leading to larger ratios are disfavored.
Now, for each point of our parameter space (〈σv〉,MΨ,MN) we construct the
estimator:
χ2 =
∑
i
[
R(Ki)− Φp¯(Ki,MΨ,MN))/Φp(Ki)
σi
]2
, (4.4)
where i denotes the energy bins, and σi the corresponding uncertainty on the flux ratio.
Denoting χ20 the minimum chi-squared of the background-only case from [59], we can
define the limit on 〈σv〉 for each point (MΨ,MN) using the condition:
χ2(〈σv〉,MΨ,MN)− χ20 ≤ 4 (4.5)
Note that in this derivation we have used the Einasto DM density profile, since it is
the one employed by AMS-02.
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Figure 7. Total anti-proton-to-proton flux ratio for different points of the parameter space
compared with the background contribution in the MED propagation scheme (gray line in
both plots). Blue dots correspond to AMS-02 data [39]. In the left panel we can see the
effect of the variation of MΨ, whereas in the right one the effect of the variation of MN
.
In Fig. 8 we show the impact of the anti-proton AMS-02 data using the MED
propagation scheme on the sterile neutrino portal parameter space. The orange region
corresponds to the (MΨ,MN) points for which the limit on 〈σv〉 obtained in the way
described above is ≤ 2.2× 10−26cm3/s. Our results for the MED propagation scheme
agree with ref.[6], where a similar analysis has been performed. As noticed there, the
constrains from anti-proton are complementary to the dSphs ones, and for a fixed
MΨ they disfavour the high MN region of the GCE fit, since heavier sterile neutrinos
produce a larger anti-proton flux at low kinetic energies K. However the astrophysical
uncertainties are still very large, as has been shown in [6] by using different propagation
schemes and DM density profiles, as well as varying the J-factors.
5 Conclusions
The DM relic abundance could be determined by the freeze-out of DM interactions with
sterile neutrinos, which in turn generate light neutrino masses via the seesaw type I
mechanism; this is the so-called sterile neutrino portal to DM. Generically such scenario
is challenging to test at colliders and easily evades DM direct searches. However, it can
be probed in DM indirect detection experiments, since the sterile neutrinos copiously
produced in DM annihilations will subsequently cascade decay into SM final states due
to its mixing with the active neutrinos (unless the annihilation cross section is p-wave
and therefore it is velocity suppressed at present).
In this work, we focus on the impact of the new analysis of the Fermi-LAT Col-
laboration of the Galactic Center region, based on the reprocessed Pass 8 event data,
which confirms the existence of a γ-ray excess peaked at ∼ 3 GeV. We assume that
annihilation of DM into sterile neutrinos is the main contributor to the low energy
photon flux of the GCE (photon energy < 10 GeV). The high energy tail of the GCE
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Figure 8. Region of the parameter space that fit the GCE combined with the dSphs and
AMS-02 anti-protons constrain for a thermal value of the 〈σv〉.
(> 10 GeV) could be due to an astrophysical component, which we model as a power
law with an exponential cut-off, eq. (3.2). Although the interpretation of the GCE
as DM annihilation is still under debate, it is worth to explore whether a complete
particle physics model can account for it.
We perform a model-independent analysis within the sterile neutrino portal sce-
nario. Indeed, our results only depend on the thermally averaged DM annihilation
cross section into sterile neutrinos, which we fix to 〈σv〉 = 2.2 × 10−26cm3/s, and the
DM and sterile neutrino masses, (MΨ,MN). Therefore, our analysis can be extended
to any model able to reproduce the thermal DM annihilation cross section into sterile
neutrinos.
We find that the sterile neutrino portal to DM provides an excellent fit to the
GCE: χ2 = 24.9 for 27 energy bins (p-value = 0.78). The best fit corresponds to
(MΨ,MN) = (55.1, 51.4) GeV.
We then check the compatibility of these results with the limits from Fermi-
LAT Pass 8 data on the dSphs positions and anti-proton data from AMS-02. Fig. 8
summarizes our main findings. We see that there is a sizeable region in the (MΨ,MN)
plane able to contribute significantly to the GCE and allowed by the dSphs constraints.
Indeed, the dSphs set an stringent limit which excludes DM masses below ∼ 50 GeV
– 17 –
(90 GeV), for sterile neutrino masses MN . MDM (MN  MDM). In particular, the
above best-fit point to the GCE is allowed. It is worth noticing that shortly further
constraints from a larger number of dSphs may be in tension with the explanation of
the GCE, under the assumption that a large fraction of the low energy sector of the
GCE (below ≈ 10 GeV) is due to DM annihilation.
On the other hand, using the MED propagation scheme we find that current anti-
proton data from AMS-02 already disfavours a large fraction of the (MΨ,MN) region
able to account for the GCE; however our analysis is not conclusive, given the large
uncertainties in the anti-proton background estimate and propagation parameters.
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